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 Throughout the life of a total knee arthroplasty implant repeated loading causes 
wear on the contact surfaces. Attempts have been made in the past to predict locations of 
wear through computational modeling and physical testing. This study examines a 
method of using computer modeling techniques to describe the kinematics of an implant, 
and to use kinematic data in finding areas of contact and internal shear stress that 
correlate to observed wear damage. A retrieved cruciate-retaining knee implant was 
reverse engineered and analyzed in one cycle of simulated gait using multibody dynamics 
and aligned according to resulting kinematic data for finite element analysis. Results 
showed a correlation between the predicted areas of contact and internal shear stresses 
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 Implant wear is a well known cause of complications in total knee arthroplasty 
(TKA) patients. Damage caused by wear has many effects, including osteolysis due to 
wear debris (Gupta, 787-799), thinning of the components that limits the functional life 
of the implant (Schmalzried & Callaghan, 115-136), and changes in kinematics of the 
joint (Williams et al., 45-50). There are several classifications of wear on polyethylene 
TKA inserts that can potentially lead to failure of the device. Among these are: pitting, 
burnishing, scratching, delamination (Kurtz 166-172). Pitting is characterized by 
millimeter-sized pieces of the material being removed by fatigue wear that can contribute 
to third body wear. Burnishing is known as "wear polishing" and is characteristic of 
adhesive wear. Scratching occurs when third body debris plows linear features on the 
articulating surface. Delamination, a more severe form of fatigue wear, involves 
removing sheets of polyethylene from the articulating surface of the interface between the 
femoral component and the insert (Hood, Wright, & Burstein, 829-842). Understanding 
how the interactions between implant components lead to wear and the possibilities for 
limiting potential wear would provide great benefit for longevity of a total knee 
arthroplasty and long term patient quality of life. 
 To date, retrieval studies of total knee arthroplasty implants have been concerned 
mainly with mechanical testing and tribology. These studies are primarily concerned with 
the physical effects of wear on the implant and neglect how the wear affects the function 
of the joint. In addition, wear simulators do not truly reflect the in vivo function of the 
implant construct (Williams et al., 45-50). Recently, fluoroscopic analyses have been 
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used to study how the joint functions in vivo as a result of wear (Sharma et al., 114-126). 
Variations in manufacturing, surgical technique and other factors can, however, lead to 
inexact results in these studies. A model based approach that is independent of the 
variations inherent in a physical study would be beneficial for gathering insight into the 
function of a TKA.   
 Multibody dynamics analysis has been suggested as a technique for predicting 
contact pressures and kinematics of knee replacements (Fregly, Bei, & Sylvester, 1659-
1668). Current research also suggets that analysis of the contact mechanics of a TKA 
implant can be accurately predicted using finite element analysis (FEA) when compared 
to knee simulator based experiments (Halloran, Petrella, & Rullkoetter, 323-331; Godest 
et al., 267-275). Articles have been published that show that rigid-body-spring-models 
used in multibody dynamics give comparable results with finite element analysis (Li, 
Sakamoto, & Chao, 635-638; Pérez-González et al., 387-98). The present work seeks to 
expand on this theme and includes a virtual knee machine to provide kinematic data for 
FEA model creation. Using gathered kinematic data to develop the FEA models may 
more accurately reflect actual contact situations in situ. This method of preparing the 
contact models will provide a more realistic contact situation than arbitrary placement as 
is performed in current research. 
 In real world applications, the Food and Drug Administration (FDA) suggests 
providing complete reports of contact surface area between the femoral and tibial insert 
components of a TKA along with associated contract stresses for a range of flexion 
angles (Food and Drug Administration). According to the class II special controls 
guidance document for TKA implants, the FDA allows for computational analysis to 
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provide data for these reports. Current literature, however showing that the finite element 
model is valid for these analyses is limited. Current industry standards for finite element 
analysis of TKA implants also use models that are arbitrary in the alignment of the 
implant components, and the magnitudes and locations of the placement of forces on the 
femoral component. The objective of this work was to show that finite element analysis 
provides valid results when used as a method to find contact stresses, contact areas, and 
internal stresses on the tibial insert in a TKA by use of reverse engineered models of an 
unworn implant compared to wear damage seen on a retrieved implant of the same 
manufacture.  
 In addition to studying contact forces, this study will also provide a means to find 
internal stresses in the polyethylene tibial insert in given physiologicaly accurate contact 
situations. Internal stresses, along with contact stresses, can be indicative of the areas at 
risk of wearing during the life of a TKA implant. These internal stresses can be used in 
the product development process as a means to provide some indication of the type of 
wear that may be reasonably expected in a particular knee implant design. For example, 
high shear stresses are believed to be a cause of delamination damage in polyethylene 
inserts. Delamination alters the geometry of the insert and releases debris that can migrate 
to other areas in the implant and cause third body wear. Pitting is also a concern for 
polyethylene inserts as crack propagation through the material causes small craters of 
material to be worn away and these pits can form stress risers that lead to further cracking 
in the insert. While not being capable of taking all possible variables into account, and 
thus not being able to provide an accurate prediction of the type and amount of wear on a 
given implant, the finite element method can provide a means of comparison between 
4 
 
different designs. Problem areas for wear can also be highlighted and remedied before 





Implant Retrieval and Preparation 
With institutional review board approval, a posterior cruciate retaining total knee 
implant (Intermedics Orthopaedics, Inc., Austin, TX, USA) was retrieved from the right 
knee of a deceased subject according to ASTM F561-97 protocols. The complete implant 
construct consisted of the standard femoral component, tibial tray, poly insert, and poly 
patellar button. The implant was digitized to generate CAD models for computational 
analysis. 
Implant Specimen 
 The insert was an asymmetric, ultra high molecular weight polyethylene 
(UHMWPE) design with notable oxidation and pitting in the lateral margin, and a large 
delamination area in the medial compartment (Figure 1). In the same region as the 
delamination of the implants, the material was notably thinned and plastically deformed 
protruding medially past the original boundaries of the implant. A new insert of the same 
size and design (Zimmer Natural-Knee System - Congruent Tibial Insert, Zimmer, Inc., 
Warsaw, IN) was obtained for comparison with the worn implant. After removing the 
PMMA, the implants were sterilized in a 10% bleach bath, and cleaned by sonicating in 
an Alconox detergent solution. 
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Fig. 1: Photo of retrieved polyethylene insert showing damage areas. This 
insert was retrieved from a right knee and inserts into the metal tibial tray, or 
baseplate, (not shown) of the TKA construct.  
 
 
The retrieved femoral component (Figure 2) and tibial tray was cobalt chrome and 
had no notable wear or surface defects. Both the femoral component and tibial tray were 
cemented and well fixed. To remove the PMMA from the metal components, they were 
soaked in a 1:6 solution of acetone and distilled water. After sufficient soak time, the 




Fig. 2: Photo of retrieved cobalt chrome femoral component. 
  
 
The patellar button was an all polyethylene three peg design. Upon retrieval, a 
wear stripe was noted across the surface with a medial/lateral orientation (Lindsey et al., 
73-79). Removal of PMMA from the poly patellar button was the same as for the metal 
components with the exception that much greater care for the amount of time that the 
component was allowed to soak had to be taken to ensure that the PMMA could be 
removed without damaging the implant through prolonged exposure to acetone. There 
was no PMMA present on the tibial insert. The polyethylene components were sterilized 
and cleaned in the same manner as the metal components. 












 For computational modeling, the implants had to be taken from physical 
specimens to digitized computer models. First, the models were digitized by microCT 
scanning to generate stereolithography (stl) files. The stl files were then surfaced and 
made solid as parasolid files (Cristian et al., 208-213). Finally, to incorporate the solid 
models into computational software models, coordinate systems were set up for each 
model according to specified requirements. 
Model Generation 
 MicroCT scanning was performed by Matt Teeter and David Holdsworth at the 
Robarts Research Institute in London, Ontario. MicroCT scanning is a high-resolution 
imaging technique in which x-rays are used to create detailed images of surface geometry 
in addition to volumetric measurements nondestructively (Teeter 107-112). The microCT 
process had a 50 micron resolution and outputted a stl file as the 3D reconstruction.      
An stl file is a point cloud, or a collection of points, which, when viewed as a whole 
represents the surface geometry of the object that was scanned. Using this point cloud 
data, a solid 3D model was constructed. 
Rapidform XOR (INUS Technology, Inc., Seoul, South Korea) was used to 
generate solid models of the implant components from the stl files obtained through 
microCT scanning. The "mesh buildup wizard" tool inside of Rapidform was used to 
generate a mesh from the point cloud data, and to remove extraneous points resulting 
from noise in the scan. Since the stl files generated by microCT scanning had a large 
number of points, effectively creating a solid blanket of points, the files were sampled 
 
and decimated to provide for a le
constructing a mesh from the sampled surface points
built-in Rapidform tools were used to create solid models from the resulting shell. Solid 
models of the implant components were then exported from Rapidform as parasolid files 
for use in computational modeling software.
Coordinate System Generation
KneeSIM requires that TKA implant models have particular coordinate systems in 
order to import them properly. KneeSIM
direction, the y axis be positive in the anterior direction, and the z axis be positive in the 
superior direction. Coordinate sy
computer aided design software (PTC, inc., Needham, MA). Photos showing the 
locations of the coordinate systems for 
 
Fig. 3: Femoral component with proper KneeSIM coordinate system.
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, a surface was fitted to the mesh and 
 
 
 requires that the x axis be positive in the medial 
stems were applied to the models using Pro/Engineer






Fig. 4: Polyethylene insert with proper KneeSIM coordinate system.
 
Fig. 5: Patellar button with proper KneeSIM coordinate system.
 
The coordinate system (csys) was first applied to the tibial insert as it is 
locating the femoral component csys. The insert csys is centrally located in the anterior
posterior plant, and the medial
distal geometric point of the condylar compartment in the superio
Using existing geometry references
from which the global csys was generated. 
After generating the insert csys
femoral component was mov
to the tibial component for a straight




-lateral plane. The z-axis origin is located on the most 
r-inferior dimension. 
, planes were set up according to the axis directions 
 
, the femoral component csys was created. The 
ed to the closest estimate of the neutral position with respect 









 Finally, the patellar button csys was created according to KneeSIM specifications. 
The csys was located centrally in the superior-inferior and medial-lateral dimensions, and 
congruent with the back surface of the button. The exact steps for creating the planes for 









Hertz Contact Mechanics 
Background 
 Hertz contact theory, as conceptualized by Heinrich Hertz in 1880, seeks to 
predict the contact area and magnitude of the contact stress at the interface of two elastic 
solids under static conditions.  Hertz introduced the concept that the two contacting 
elastic bodies can be simplified as half-spaces loaded over a small elliptical region of the 
contact surface (Johnson 363-378). In order to find a solution this theory makes several 
assumptions, the main points being (Sassi, Desvignes, & Foulon, 23-27): 
1. The surfaces are continuous and non-conforming 
2. The contact is frictionless 
3. The contact pressure is normal to the contact surface 
4. Strains in the contact region are small 
5. Each body can be considered to be an elastic half-space 
There are several formulations for Hertz contact, but, for the purposes of this 
research, the sphere on an elastic half-space contact situation is considered. In this form 
of Hertz contact, a sphere contacts a planar surface modeled as a cube with dimensions 
large enough to satisfy the assumption that the body is an elastic half-space; the contact 
stress area should not act on an edge of the cube. According to Saint-Venant’s principle, 
if the contact area is small compared to the size of the body the force at the boundaries of 
the body will be negligible (Sadd 101). Equations derived by Hertz (Johnson 90) may be 
used to determine contact area (Johnson eqn. 4.22), the deflection of the elastic bodies 
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(Johnson eqn. 4.23), and the maximum contact pressure (Johnson eqn. 4.24) given the 
elastic constants (E1, ν1, E2, ν2) of the two elastic solids, the relative radius of the 
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In the above equations, P is the force that is applied to the sphere perpendicular to 
the planar surface, a is equal to the contact radius, and R is the relative radius of 
curvature given by 
  
 1  1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is the equivalent Young’s Modulus as calculated by  
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The internal stresses of the planar half-space are distributed as shown in Figure 6 
(Johnson 63). As can be seen, the vertical principal stress starts at the maximum stress at 
the surface of the plane and decreases to an asymptote at roughly 10% of the maximum 
stress. The horizontal principal stresses both have a magnitude of 80% of the maximum 
stress at the surface and decrease to 0 at a depth of 1.5a. The internal shear stress, 
however, initially has a magnitude of 10% at the surface and increases to its maximum at 
a depth of approximately 0.5a before decreasing to its asymptotic minimum. Internal 
shear stresses are known to contribute to delamination and this subsurface maximum has 
been shown to coincide with oxidation lines in poly knee inserts. This coinciding stress 
point and maximum shear stress has been shown to be a key contributing factor in 
delamination wear (Bell et al., 280-290). Internal normal principal stresses along the axis 
of symmetry are directed normal to the surface (z), and in the radial (r) and 
circumferential directions (θ). (Johnson eqns. 3.45) Normal principal stress is given by 
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where z is the depth below the surface. Internal radial principal stress is given by 
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The maximum internal shear stress occurs beneath the surface along the axis of symmetry 
and is given by half the principal stress difference. 
 
 









Fig. 6: Internal principal stress distribution along the axis of symmetry based on Hertz theory 
equations. X shows the radial and circumferential principal stress, Z the principal stress 
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Application of Hertz Contact 
 As Hertz contact theory can be used to calculate an approximate solution to a 
simple contact problem, it can be applied to a test case to validate proposed 
computational models. To determine if the proposed multibody dynamic and finite 
element models give reasonable results they were compared to an equivalent sphere on 
planar half-space contact problem. The implant geometries which were used for 
computational analysis most resembled this type of Hertz contact. Equations 2.1, 2.2, 2.3, 
2.4, and 2.5 were entered into a Microsoft Excel 2007 (Microsoft Corp., Richmond WA) 
spreadsheet along with the given constants to find the maximum contact pressure 
imposed on the surface of a planar elastic half-space by a sphere with a radius of 70 mm 
with a force of 1000 N applied perpendicular to the planar surface. Material properties 
published by Vasile et al. for ultrahigh molecular weight polyethylene (E = 0.77 GPa, ν = 
0.42) and default ANSYS properties for stainless steel (E = 193 GPa, ν = 0.31) were used 
for the planar half-space and sphere, respectively (Vasile & Pascu, 50). These theoretical 
results are compared with ANSYS model results in Figure 8 below. 
 According to the Hertz equations with the given conditions, the contact radius 
was 3.41 mm, the deformation depth of the polyethylene was 0.166 mm, and the 
maximum contact pressure was 123.4 MPa. These values were compared with the finite 
element analysis and multibody dynamics (MBD) results to show equivalence to the 
values given by Hertz contact equations. Equivalence between these computational 
methods would show that the application of FEA and MBD to find contact stress 
magnitudes in the TKA implant model is valid in this case. 
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Comparison Between Theoretical Results and ANSYS Results 
Before a full finite element model can be used to find the contact stress 
magnitudes and areas in a TKA construct, at points in a gait cycle, the model must first 
be verified. To prove that the boundary and loading conditions used in the ANSYS TKA 
model are reasonable, they were first applied to the Hertz test model and the resulting 
contact stress was compared to the theoretical result. To make this comparison between 
the proposed ANSYS set-up and the Hertz contact test case, an equivalent model was 
first constructed as separate parts and then built into an assembly in Pro/Engineer (PTC, 
Needham MA) CAD software and exported as a parasolid model (Figure 7). One quarter 
of the sphere and cube construct was modeled to simplify finite element analysis as 
symmetry about the x and y axis was recognized. The mesh applied to the test model was 
a sphere of influence type mesh, incorporating midside nodes, with an element edge 
length of 0.5 mm. This element size was chosen as the result of a mesh convergence 
study starting at 5 mm and decreasing by 0.5 mm until there was no change in the total 
deformation result after the second decimal place. The maximum contact pressure was 
found to be 128.4 MPa, which is within 5% of the value found by the Hertz equations. In 
Bartel et al. within 5% was determined to be an acceptable threshold to show equivalence 






Fig. 7: ANSYS test case model with mesh. 
 
Internal stresses in the planar half-space, the polyethylene component, were also 
retrieved from the ANSYS model and plotted in Figure 8. At the surface of the cube, the 
ratio of the vertical principal stress to the maximum contact stress is 1.5 and this value 
degrades along a curve to about 0.35 at a depth of 3/a. The generalized stress 
distributions published by K. L. Johnson share these initial and terminal values of 
stress/Po and share the same curve. Similarly, the graphed radial principal stress and 
maximum shear stress to maximum contact stress ratios shared initial and terminal points. 
The curve shapes also correlate well with their respective graphs published in "Contact 






Fig. 8: Graph of Internal Stresses in the Polyethylene Component of the Contact Model. 
The Y axis is maximum stress normalized by contact area. The X axis is depth below the 
surface of the implant normalized by contact area. X shows the radial principal stress, Z 
the vertical principal stress, and shear shows the distribution of internal shear stress 
below the contact point. 
 
 
Comparison between ANSYS Model and Multibody Dynamics Model 
Once the finite element model was shown to be equivalent to the theoretical Hertz 
contact results, the FE model was compared to the KneeSIM multibody dynamic model 
results to validate the use of KneeSIM to later find kinematic data describing the location 
and centers of pressure of the condyles contacting the polyethylene insert in the full 
implant model. The parasolid model of the sphere and half-space contact situation was 
imported into KneeSIM and run with conditions equivalent with the ANSYS set up.  
KneeSIM showed a maximum contact stress of 124.7 MPa, which is within 5% of the 














Hertz Theory Results Compared with ANSYS Results for the Test 
Model
ANSYS X ANSYS Z ANSYS Shear
Hertz X Hertz Z Hertz Shear
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Having shown that the ANSYS finite element analysis and KneeSIM multibody 
dynamics analysis give equivalent results to the accepted Hertz theoretical contact model, 
the simulation techniques were deemed appropriate for analyzing the implant geometries. 
As the ANSYS results were consistent with Hertz contact the same boundary conditions, 
force constraints, and mesh settings were applied to the full implant model. Similarly, in 
KneeSIM, the equivalence of the multibody dynamics model with the Hertz contact 
model results showed that the full implant geometries can be used in KneeSIM to provide 









 Multibody dynamics analysis is a technique that combines an elastic foundation 
contact model to find contact stresses and stress locations in a 3D model, as well as 
classical dynamics to describe the kinematic properties of the system. KneeSIM, version 
ADAMS R3 2008.02.2797, (LifeModeler, Inc., San Clemente, CA) multibody dynamics 
software, a plug-in for ADAMS (MSC. Software Corp., Santa Ana, CA.) was used to find 
contact stresses for model validation, and to find the forces and force locations on the 
polyethylene TKA insert through a gait cycle. KneeSIM is the current standard for 
orthopaedic industry multibody dynamics modeling. 
Multibody Dynamics Analysis Background 
 The dynamics of multibody systems consists of interconnected elements that are 
rigid and deformable. The term 'rigid body' suggests that the deformation of the body of 
interest is small so that deformation can be ignored in considering the movement of the 
whole system. Six generalized coordinates are used to describe the motion of the system: 
three translations and three rotations. These coordinates and body properties can be used 
to study the movements and contact interactions in a multibody system via the elastic 
foundation contact model (Shabana 1-11). 
Elastic Foundation Model 
 The elastic foundation model utilizes a Winkler elastic foundation, or 'bed of 
springs'', to bypass the difficulties inherent in solving integral equations for pressure.  In 
this type of model, an elastic body is treated as rigid and a blanket of springs is placed 
over the surface. The springs do not interact with one another, thus ignoring shear 
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between adjacent foundation elements. An elastic modulus is assigned to the springs in 
the foundation model to simulate the elastic properties of the substrate material. The 
purpose of this model setup is to provide an approximate solution to complex contact 
situations where a half-space theory would be difficult to carry through (Johnson 63). In 
the case of analyses that would be carried out in KneeSIM, the complex radii and 
geometries of TKA implants would be difficult to model through a half-space method; 
thus the bed-of-springs model is used to provide a simple method of finding contact 
pressures.  
Dynamics 
 As the name multibody dynamics implies, one of the primary goals of such 
analysis is to use classical Newtonian dynamics to study the dynamic and kinematic 
behavior of the multibody system in question.  Dynamic analysis can be performed 
through many methods, including such methods as the Newton-Euler method, which 
finds a complete solution for all forces and kinematic variables, and the Lagrange 
method, which increases efficiency of calculation by ignoring forces that do not perform 
work. Each method has its own set of advantages and disadvantages, but the universal 
purpose of dynamic analysis methods in multibody dynamics is to find forces and body 
reactions in response to externally applied forces (Huston). 
Application of KneeSIM 
 KneeSIM is a knee anatomy specific multibody dynamics analysis toolset for the 
orthopaedics industry based on the ADAMS software package. KneeSIM is a forward 
dynamics solver; internal forces and torques are reconstructed from applied externally 
forces. KneeSIM is based on a modified Purdue knee rig, which is anchored at the ankle 
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with a force simulating body weight, approximately 440 N, applied at the hip. KneeSIM 
includes a model of the femur and tibia, as well as muscles and other soft tissues, 
including the hamstring. These muscle attachments generate the external forces applied to 
the multibody system, and their interactions with the implant interface geometry 
determines the kinematics calculated in the multibody dynamic model. The capsule, 
posterior cruciate ligament, lateral and medial collateral ligaments, and retinaculum are 
represented by linear springs. An image showing the locations of applied forces and 
torques are given in Figure 9 below. The kinematics applied at these locations are 
proscribed by KneeSIM, graphical representations of the forces, rotations, torques 




Fig. 9: Locations of forces applied in the KneeSIM knee model. (Image 






Fig. 10: Ankle force inputs for the KneeSIM simulated knee machine. 
 
 






































































































 The internal knee rig simulator is modified to allow for more realistic kinematics 
results. The inclusion of the hamstring in the knee rig used in KneeSIM allows the model 
to start at zero degrees of flexion. In the standard Purdue knee rig, the hamstring is not 
interacted with. Thus the joint must start pre-flexed by a small degree to prevent joint 
lock by the lack of a horizontal force component to pull the joint out of a straight vertical 
orientation. Not allowing for starting at full extension causes the physical knee testing 
machine to miss the kinematic effects of going through the first degrees of flexion. This 
slight modification allows for the full range of motion of the joint to be studied during a 
normal gait cycle.  
Before importing the TKA models into KneeSIM, they first had to be mirrored 
because KneeSIM assumes that the implant will be for a left knee. The models of the 
femoral component, insert, and patellar button with proper coordinate systems as set in 
section I.B.2 were imported into KneeSIM and placed into their proper locations in the 
bone model. Multibody dynamics analysis was run for one gait cycle in a ten-second 
interval with nine seconds of equilibration.  Resulting kinematic data were exported for 
use in positioning the femoral component on the insert for finite element analysis. The 
exported data was of graphical and tabular form, an example of which can be seen in 












Finite Element Analysis 
 Finite element analysis was performed using the ANSYS FEA software package 
to find contact stress distributions over the surface of the polyethylene insert and the 
internal stresses in the insert to provide a means for comparison to physical wear on the 
retrieved implant specimen. Three positions during gait were studied: 30, 60, and 90% of 
the gait cycle, approximately corresponding to midstance (30%), toe off (60%), and the 
beginning of the deceleration (end of swing - 90%) phases. Midstance corresponds to the 
point in the gait cycle when the swinging foot passes the stance foot and the body’s 
center of gravity is at its highest point. Toe-off corresponds to the end of stance as the 
foot leaves the ground. Deceleration is the phase where the muscles act to slow the leg 
and stabilize the foot in preparation for heel strike (Wheeless).The location and 
orientation of the femoral component on the insert during these three phases of gait was 
pulled from kinematic data obtained during multibody dynamic analysis. 
CAD Model Setup 
 
 Models to be used in ANSYS were generated in parasolid format using 
Pro/Engineer CAD software. The models used to create the whole TKA construct were 
the same as those used in multibody dynamics analysis to preserve the coordinate system 
used by KneeSIM to output kinematic data. First, the center of pressure points on the 
medial and lateral plateaus of the insert were inserted as datum points based on the 
coordinate values output by the KneeSIM solver. Datum planes were inserted along the 
normal coordinate system for aligning the femoral component in an assembly. After 
preparing the insert, the center of pressure points for the femur were similarly inserted as 
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datum points, and datum planes were set up along the coordinate system axes. Assigning 
proper rotations to the femoral component required a series of rotations of datum planes 
from the default coordinate system. First, a datum axis was inserted along the intersection 
of the transverse and coronal planes. A datum plane was then rotated about this axis from 
the original coronal plane by the flexion angle as determined by KneeSIM analysis. The 
next step was to rotate this new coronal plane internally/externally to allow for proper I/E 
rotation of the femoral component. A datum axis was placed through the intersection of 
the sagittal and coronal planes and a plane through the previously rotated coronal plane 
was rotated about this axis by the amount of I/E rotation calculated through kinematic 
analysis. The result of these datum manipulations was a set of center of pressure points 
for matching the stress locations between the implant components, and a plane that 
provided a means to match the rotation of the femoral component to the insert.  
An assembly was generated using the previously modified CAD models to export 
in a form that could be used by ANSYS for FEA analysis. The center of pressure datum 
points were aligned, and the rotated coronal plane in the femoral component was aligned 
with the coronal plane in the insert. With the TKA construct assembly thus properly 
aligned according to kinematic data, the models were exported as parasolid files for 
importation into ANSYS. The resulting models for 30, 60, and 90% of gait are given in 




Fig. 15: Finite element analysis model at 30% of gait cycle. Reverse engineered model 
was mirrored to create a left knee model since LifeModeler/KneeSIM is programmed to 
use a left knee anatomic model. 
 
 
Fig. 16: Finite element analysis model at 60% of gait cycle. Reverse engineered model 
was mirrored to create a left knee model since LifeModeler/KneeSIM is programmed to 
use a left knee anatomic model. 
 
 
Fig. 17: Finite element analysis model at 90% of gait cycle. Reverse engineered model 
was mirrored to create a left knee model since LifeModeler/KneeSIM is programmed to 
use a left knee anatomic model. 
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ANSYS Model Setup 
 Parasolid files of the implant assembly generated in Pro/E were imported into 
ANSYS and the solver settings, boundary conditions, and forces were set according to 
those in the previously validated Hertz contact model.  
Boundary Condition and Mesh Details 
 The individual models for finite element analysis were imported into ANSYS as 
single assemblies, a composite image of which can be seen in Figure 18, and the contact 
tool was used to determine where the software would look for contact between the 
implant components. The contact was treated as frictionless in keeping with the 
conditions put forth by Hertz contact theory and used in the verification of the validity of 
the use of finite element analysis for studying contact between two TKA implant 
components. The femoral component was chosen as the contact geometry, and the tibial 
insert was chosen as the target surface. To ensure that the model was in proper contact 
before simulation, the "adjust to touch" option was used. With this option selected, any 
minute gap between the two surfaces was first closed to ensure that both of the 
components were in full contact prior to any simulation. The solver used for determining 
the contact results was the augmented Lagrange formulation to follow the previously 






The implant assemblies were meshed according to the settings from the 
model. The mesh on the tibial insert was set by placing two sphere of influence mesh 
controls on the tibial plateaus 
to-surface tetrahedral quadratic displacement 
node tetrahedral structural
elements used keep midside nodes to provide for better curve match
with rigid sided elements. 
of the parts of the inserts 
on the femoral component and the remainder of the 
settings using the same type of elements from the refined mesh, but with an element size 
of 20 mm. In total, the mesh consisted of 543,937 nodes with 22,841 contact elements, 
and 355,332 solid elements. 
Fig. 18: Composite image of models imported into ANSYS. The left image is a lateral 
view, and the right image is a medial view. Blue is the model at 30% of the gait cycle, red 
is at 60% of cycle, and yellow is
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to generate a mesh of CONTA174 eight-node 3D s
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 solid elements, each with an element size of 0.5
ing than is possible 
The spheres were set to 20 mm so that they would envelope all 
that were of interest, i.e. were in the region of contact
insert were set by the default mesher 
 





 mm. The 
. The mesh 
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 Boundary conditions were applied to the implant assembly much like in the Hertz 
test model with the bottom of the insert fixed, and the femoral component constrained in 
the horizontal plane. The material properties used for the polyethylene insert (E = 0.77 
GPa, ν = 0.42) and the metal femoral component (E = 193 GPa, ν = 0.31) were the same 
as those used in the Hertz contact calculations. Each model was run with 10 steps through 
the loading process to ensure that no important details in the contact situation were lost 
by taking large force steps. The femoral component had force constraints added 
according the locations of the forces gained from KneeSIM simulation. The forces on the 
medial and lateral sides of the femoral component were placed on the faces on the 
superior side of the implant in the manner that force would be distributed by the femur 
contacting the component. Since the models used in ANSYS lacked models of the bones 
involved in loading the implants, locating the forces in this way was used as the closest 
approximation available. Vertical force components for the medial and lateral portions of 
the femoral components were set according to the approximate locations as seen in the 
KneeSIM output. The forces distribute down to the locations of the centers of pressure on 
each plateau that was previously determined by KneeSIM. The bottom of the tibial insert 
was set as a fixed support to prevent the model from sliding, as this is most similar to the 
way it would be affixed in the tibial tray in an actual TKA implant construct. The faces 
facing the interior of the femoral component were set with displacement controls that 
limited motion to purely vertical with no lateral motion allowed. This prevents the 
implant from moving out of alignment and keeps the contact situation in line with that 
observed in KneeSIM.  
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 After creating the mesh and setting the boundary conditions on the model, the 
desired results were set. The contact tool was used to determine the contact pressure on 
the tibial plateaus along with whether the femoral component was sliding or sticking at 
each element in the mesh. Maximum shear stress in the insert was found in order to 
compare finite element analysis results to the delamination area seen in the retrieved 
component as shear stress is recognized as a contributing factor to delamination in 











 Results from ANSYS were compared to the areas of visually identifiable wear on 
the retrieved insert to identify whether or not the analysis based on KneeSIM kinematic 
output showed a correlation to the actual wear situation on the implant. Areas of peak 
contact stress and maximum shear stress were compared directly to areas of delamination 
and material degradation. 
30% of Cycle 
 Contact pressure at 30% of cycle (approximately midstance) can be seen in Figure 
19, and a reconstruction of the worn implant can be seen in Figure 20. Most striking is 
the area of peak contact pressure on the intercondylar eminence. Prior to wear, the 
intercondylar eminence seems to limit internal rotation of the femoral component causing 
the contact stress, but after wear the intercondylar eminence is clearly notched to allow 
for proper rotation. According to the ANSYS results, the femoral component contacted 
the insert just anterior of the locking hole in the insert, and as can be seen on the 
reconstruction of the worn implant the actual notch is located just anterior of this locking 
hole feature. In addition to matching the notched area, the contact pressures on the tibial 
plateaus are also located accurately in relation to the actual wear on the retrieved 
component. The area of contact pressure on the lateral plateau occurs anteriorly and 
matches well with the area of burnishing and delamination seen in the same area in 
Figure 20. The area of contact pressure on the medial plateau occurs posteriorly and also 






Fig. 19: Contact pressure (MPa) on the poly insert at 30% of the gait cycle. The 
maximum value of contact pressure at this point is 18.52 MPa. A, P, M and L 




Fig. 20: MicroCT reconstructed model of the retrieved insert. A, P, M and L 
indicate the anterior, posterior, medial, and lateral sides of the insert respectively. 






 A map of the deformation at 30% of cycle can be seen side by side with a color 
map of deformation of the worn component compared to the new condition component in 
Figure 21.  In the ANSYS color map, red is high deformation, and blue is zero 
deformation. In the microCT map, blue indicates deformation inferiorly and red indicates 
deformation superiorly with green being zero deformation. Deformation in the 
posteromedial margin clearly correlates well with the ANSYS results and the actual wear 
and/or creep deformation on the implant. Wear in the anterolateral margin also matches 
well with the deformation seen in the worn implant specimen.  
 
 
Fig. 21: Side by side comparison of deformation (mm) at 30% of the gait cycle due to 
loading in ANSYS on the left, and deformation map of the worn insert compared to the 
new insert on the right.  The maximum deformation is 0.032 mm. Cool colors indicate 
deformation towards the inferior side; warm colors indicate deformation in a superior 




 Comparison images of the maximum shear stress from finite element analysis and 
the delamination area from the reconstruction of the retrieved component can be seen in 
Figure 22 below. As predicted by Hertz contact theory, maximum shear stress (3.2 MPa) 
occurred subsurface in the finite element analysis reaching approximately 30% of the 
shear stress maximum at yield during uniaxial tensile testing (Wang et al., 241-249). The 
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location of peak shear stress also matches well with the location of the flap of material 
separated from the main body of the insert by delamination. Of note, however, is the fact 
that the majority of the area of subsurface shear stress occurs anteriorly (to the right on 
the below image) while the area of wear is clearly distributed over the entire plateau. 
Clearly there exists a further component to the delamination caused by shear stress as the 
femoral component moves posteriorly. Another item of note that can be easily seen in 
this figure is the extent of the erosion of material from the plateau. The insert geometry is 
easily seen to be changed after wear. The locations of maximum shear stress match well 
with the actual delamination area, and the maximum shear stress occurs at a depth that is 
predicted by Hertz contact theory. This suggests that the ANSYS analysis matches well 




Fig. 22: Comparison showing areas of internal shear stress (MPa) in the ANSYS model at 
30% of the cycle and actual delamination area in the worn insert. The maximum value for 
shear stress is 3.21 MPa. Note the microCT scan does not contain the bottom portion of 
the insert. A and P indicate the anterior and posterior sides of the insert. (Bottom photo 






60% of Cycle 
 
 At 60% of the gait cycle (approximately at toe off), the areas of maximum contact 
stress move posteriorly on the insert (Figure 23). At this point in the cycle, it can be seen 
that on the right side of the implant the contact stress has a maximum in the area of 
notable pitting and delamination wear on the actual implant. This shift from middle to 
posterior is also likely the cause of the burnishing wear present and it could also 
contribute to delamination in this plateau (Figure 24). The anterior to posterior shift along 
with subsurface shear stress are the likely causes of this delamination.  
 
 
Fig. 23: Contact pressure (MPa) at 60% of the gait cycle. The maximum contact 
pressure is 4.72 MPa. A, P, M and L indicate the anterior, posterior, medial, and 







Fig. 24: Internal delamination void in the polyethylene insert at 60% of the cycle. 
Slice taken through the medial plateau between the area of delamination and the 
intercondylar eminence. A indicates the anterior side, and P indicates the posterior 





 A map of total deformation at 60% of cycle can be seen in Figure 25. The 
deformation on the medial side of the insert can be seen to correlate well with the 
locations of material displacement on the retrieved insert. On the medial side of the insert 
the polyethylene is thinned and protrudes outward suggesting that there is a creep 
component to the extensive wear on the medial plateau in addition to erosion of material. 
As in the deformation map of the insert at 30% of cycle, at 60% the deformation on the 
lateral side of the insert does not seem to match well between ANSYS results and the 
deviation map provided by microCT scanning. The deformation map in the ANSYS 






Fig. 25: Deformation (mm) at 60% of the gait cycle. The maximum deformation value is 





 The internal stress results at 60% of the gait cycle in the lateral plateau can be 
seen in Figure 26 below along with a microCT image of internal delamination in the 
lateral plateau through the same slice of the insert (Figure 27). Delamination is evident at 
the location of maximum shear stress (1.49 MPa) in the insert. Of note is that the area of 
internal shear stress shifted posteriorly from 30% to 60% of the gait cycle suggests that 
anterior to posterior motion of the femoral component on the tibial insert contributes to 
the extensive material loss on the insert. Maximum shear stress matches well with the 
area of subsurface delamination, and it occurs at depth as suggested by Hertz contact 






Fig. 26: Maximum internal shear stress at 60% of the gait cycle occurring in the lateral 
plateau. The maximum value in the region of interest is 1.49 MPa. Peak shear stress 
occurs on the posterior aspect of the plateau. Note: a full thickness cross section was used 
for simplicity. Stress shown is the maximum internal shear stress; global maximum shear 
stress occurs on the inferior border boundary on the medial side of the insert where the 





Fig. 27: Internal delamination in the lateral plateau of the 
insert. Slice taken through the same plane as that in Figure 26. 








90% of Cycle 
 
 Contact pressure at 90% of the gait cycle (end of swing and start of deceleration 
phase) can be seen in Figure 28. At this point in the cycle, the femoral component has 
rolled back and is contacting only the posterior edge of the poly insert. Maximum contact 
pressure on the lateral plateau occurs in the area of notable pitting and delamination in 
the implant that can be seen in Figure 20. As can be seen in Figure 27, this maximum 
lateral contact pressure also occurs over the region where a large delamination void can 
be seen.  At this point in the gait cycle, the maximum contact pressure is also higher than 
that in the previous two analyses, most likely due to the reduced contact area.  
 
 
Fig. 28: Contact pressure (MPa) at 90% of the gait cycle. The maximum value of contact 
pressure is 21.32 MPa. A, P, M and L indicate the anterior, posterior, medial, and lateral 




 Total deformation in the insert can be seen in Figure 29. At 90% of the gait cycle, 
the maximum deformation occurs on the posterior edge of the lateral plateau. This area of 
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deformation matches closely with the deformation map derived from microCT (Figure 
21). There is no visual pitting or wear besides the burnishing that is to be expected when 
two bodies slide over one another. This seems to indicate that there is a creep component 
to this deviation between the new and worn implants. The area of deformation on the 
medial plateau also matches well with the area of deformation shown on the posterior 
aspect of the medial plateau in the microCT scanned deviation map. The area of thickness 
deviation indicated through the microCT scan can be seen to lie on the surface and wrap 
around to the side of the implant inside the posterior cruciate ligament channel.  
 
 
Fig. 29: Deformation (mm) at 90% of the gait cycle. The maximum value of deformation 









Internal shear stress maps are shown in Figures 30 and 31 for the lateral plateau 
and medial plateau respectively. In keeping with the predictions of Hertz contact theory, 
the maximum shear stress (5.50 MPa) occurs sub-surface on each plateau, in the area 
where delamination is believed to initiate. The location of maximum shear stress in the 
lateral plateau lies in the area of the delamination void observable in Figure 24. The area 
of shear stress also proceeds posteriorly and goes all the way through the insert, which 
closely follows the path of the delamination void in the microCT scan of the insert. 
Notably, the rim of the insert in the microCT scan can be seen to protrude dorsally 
compared to the new insert. The motion from anterior to posterior combined with high 
shear stress resulting in delamination and material displacement could be a likely cause 
of this deformation to the implant profile. On the medial plateau, the location of 
maximum shear stress lies in a location of minor delamination; however, it does not 
encompass the large delamination void that is oriented vertically (Figure 27). Lateral 
shear stress correlates well with the internal delamination damage and material 
displacement. On the medial plateau, however, the maximum internal shear stress does 
fall on an area of delamination, but it does not envelop the large delamination void 






Fig. 30: Maximum internal shear stress (MPa) at 90% of the gait cycle occurring in the lateral 
plateau. The maximum stress value is 5.50 MPa, and occurs approximately in the location of the 
red dot in the upper image. M, L, A, and P indicate the medial, lateral, anterior, and posterior 





Fig. 31: Maximum internal shear stress (MPa) at 90% of the gait cycle occurring in the medial 
plateau. The maximum value of the shear stress through this cross section is 5.59 MPa, and 







 The retrieved implant components showed significant delamination and wear. 
This implant could have been manufactured in a time when implant components were 
gamma sterilized in the presence of oxygen which causes an oxidation band to form just 
under the surface of the implant. Retrieval studies of implants of varying material 
composition and manufacture have shown that high shear stresses in combination with 
this type of oxidation band are major contributing factors to delamination of the type seen 
in this retrieval (Bell et al., 280-290). The results of this study indicate that throughout 
the gait cycle the insert was subjected to peak shear stresses in the areas of delamination.  
In a more general sense, this result can be expected in modern implants as well. A recent 
study by Brandt et al. showed that in inserts gamma sterilized in nitrogen an oxidation 
band developed in vivo (Brandt et al., 125-129). 
Deformation in the insert was located in close concurrence with locations of large 
deformation in the microCT scan of the insert. As is evident in Figure 21 at 30% of the 
gait cycle (midstance), the maximum deformation on both the medial and lateral side 
matches closely with the areas of large elevation depression shown in microCT. At 60% 
(toe off) the contact stress does not generate significant deformation and so any plastic 
displacement of material at 60% is overshadowed by the higher stresses at 30 and 90%. 
At 90% of the cycle (deceleration), on the medial plateau the deformation matches 
closely with an area of deformation visible on the microCT image, and the maximum 
deformation occurs on the posterolateral margin and lies in the area of maximum 
deformation shown in the microCT scan. 
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Peak contact stresses found in this study differ with those of previous research 
(Halloran, Petrella, & Rullkoetter, 323-331; Godest et al., 267-275). In a study by 
Halloran et al. peak contact stresses were found to be about 11 MPa, 10 MPa, and 5 MPa 
at 30, 60, and 90% of the cycle respectively. In a study by Godest et al. peak contact 
stresses were found to be about 10 MPa, 8 MPa, and 5 MPa at 30, 60, and 90% 
respectively. The results of this study showed 18.5 MPa, 4.7 MPa, and 21.3 MPa for 30, 
60, and 90% of a gait cycle. However, the previous two studies were run using explicit 
finite element analysis solvers by prescribing the patello-femoral joint kinematics, as 
opposed to the method used in this study which provided external loading conditions and 
allowed both patello-femoral and tibio-femoral joints of the knee complete freedom of 
motion subject only to internal forces and contacts. The previous studies did, however, 
use an elastoplastic material model which may be a more accurate representation of the 
actual material properties of polyethylene than used in this study, but only if the internal 
stresses exceed the elastic limits, which appeared not to be the case in any of the 
published studies.  
A study by Collier et al. showed that the yield stress of polyethylene used in 
orthopaedic devices is generally between 19 MPa and 24 MPa with the majority of them 
being 20 MPa and above, corresponding to a maximum shear stress at yield of 9.5 – 12 
MPa (Collier et al., 289-304). Other studies have found similar contact pressures to the 
present study for walking but much higher contact stresses have been measured and 
calculated in simulated deep knee bending activities (D’Lima et al., 1549-1555).   
As it stands currently, the model can be seen to display maximum contact stresses 
in areas of wear and material displacement on the insert. Most notable of these areas is on 
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the intercondylar eminence where impingement of the femoral component forced the 
component into improper I/E rotation and, presumably, over time wore a notch into the 
eminence. The anterior to posterior shift of contact stresses on the medial plateau also 
provides insight into the origins of the extensive thinning of the plateau on this side, as 
can be seen in Figure 20. The femoral component moved in a path along this area of wear 
and clearly played a part in the extensive wear along with internal shear stresses.  
Locations of contact stresses can also explain the relatively untouched lateral plateau seen 
in Figure 20. Through the entire gait cycle, contact stresses were limited to the 
anterolateral portion of the lateral plateau.  
The maximum shear stresses seen in the insert at 90% show a substantial increase 
over the values at 30 and 60% of the cycle. It is believed that high shear stresses are the 
main cause of delamination damage in TKA inserts, and the increased stresses at 90% of 
the cycle could be a contributing factor in the delamination damage evident in the insert. 
Taking the yield stress in shear, the stress at which the material begins to yield, to be half 
of that for normal stresses the yield criterion in this case is about 10 MPa. In Figure 31, 
the maximum internal shear stress can be seen to be 5.58 MPa, more than half of the 
yield stress in shear. Rolling contact, such as in the case of a femoral component on a 
tibial insert, causes cyclic tension and compression in the object which over many 
loading cycles will fatigue the material. This is especially evident in the delamination 
void seen in Figure 24 which is located approximately along the plane of the slice 
through Figure 31. In this area, the femoral component moves anterior to posterior in 
normal sliding and rolling contact, and the combination of high internal shear stress that 
moves between 60 and 90% along with the potential change in yield stress from fatigue 
50 
 
damage in the material could likely be the cause of the long delamination area that lies in 
this region. These high maximum shear stresses coupled with potential alteration of 
material properties due to fatigue damage could be a possible cause for the delamination 
damage seen in the insert.  
Despite reasonably matching results of analysis to physical wear conditions, this 
study did have some notable limitations. First, the material model used was linear elastic. 
A more accurate material model may be the recently developed hybrid material model 
which seeks to predict large strain time-dependent behavior of crosslinked and 
uncrosslinked UHMWPE (Kurtz 326). The hybrid model incorporates both elastic and 
viscoplastic elements, although in the present study the maximum shear stresses did not 
exceed the reported yield stress for UHMW polyethylene. In addition, should the model 
be run as a lunge instead of gait, or assuming a patient with a high BMI the maximum 
contact stress can be expected to be higher. This could lead to shear stresses that exceed 
the yield strength of polyethylene so that a linear elastic model becomes largely 
meaningless as the geometry changes via plastic deformation after initial loading and 
residual stresses are developed. Second, creep of the UHMWPE was not taken into 
account. The extensive thinning of the medial plateau in combination with the material 
protruding medially from the medial plateau suggest that there is a creep element that is 
plastically displacing material without removing it from the insert. This shift of material 
due to creep changes the area over which forces are distributed and causes a change in the 
stresses that act on the surface. As can be seen in the deformation map from microCT 
(Figure 21), there are areas of increased material elevation adjacent to areas of depression 
as a result of wear. Clearly, material is being displaced from one area to another and 
51 
 
creep is likely a component of this shift of material along with normal plastic deformation 
from potential shock loads as under normal loading conditions contact stresses indicated 
are not large enough to lead to plastic deformation according to published yield strengths. 
Third, shakedown was not taken into account.  Shakedown is the process by which a hard 
surface slides on a softer surface imparting protective residual stresses when the weaker 
material is loaded to a sufficient degree to cause plastic deformation in the first loading 
cycles. This causes a shift in the loading profile of the weaker material causing further 
loading that would have caused plastic deformation to elicit purely elastic behavior in the 
material (Wong, Kapoor, & Williams, 162-170). Finally, only the force component 
normal (z) to the tray from KneeSIM was applied to the ANSYS models. At 90% 
(deceleration) the horizontal components are less than 4% (lateral) and 17% (medial) of 
the force component normal to the tray, but at 30 and 60% of the cycle the horizontal 
components x (medial) and y (anterior), while relatively small, are present. At 30% of the 
cycle (midstance) the resultant horizontal component is less than 13% of the normal force 
on the medial plateau, and less than 25% on the lateral plateau. At 60% of the cycle 
(deceleration phase) the resultant horizontal component is less than 27% of the normal 
force in the medial plateau, and less than 41% on the lateral plateau (see Appendix C). 
The omission of tibio-femoral contact force components parallel to the plane of the tibial 
insert/tibial tray contact surface enabled a stable solution to be obtained for the finite 
element analysis. The influence of the omission on the internal stress state of the 
polyethylene insert would need to be further explored, but would likely increase internal 








This study shows that the general location of peak stresses and problem areas 
resulting from these stresses in a potential TKA implant design can be predicted with 
reasonable accuracy. An important item of note is that not only does the method used in 
this work go a step beyond previous research and apply kinematic data from MBD to a 
FEA model of a TKA, but it also requires a comparatively short amount of time to 
complete. The previously used method of locating the implant by fluoroscopic data is a 
more involved process, whereas this method could be brought from initiation to 
completion in a day. 
Analysis of a larger set of implants of various manufactures for both overt and 
well-functioning TKA is warranted to enable design progression leading to better 
functioning and longer lasting implants. Further retrieval studies should be performed in 
order to prove that this type of analysis applies in a general sense to TKAs, and to extend 
this work to more modern implants that are manufactured with highly crosslinked 
polyethylene. The results can contribute to identifying design characteristics of TKA 
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Appendix A contains manufacturer and design information fo
(Intermedics Orthopaedics), as well as observations during retrieval.
Baseplate: 
• Size: #2, Asymmetric, Right
• Catalog #: 6300-00
• Lot #: 1144357 
 
Insert: 
• Size: 11mm, Asymmetric, Right
• Catalog #: 0200-05
• Lot #: 1143980 S 1.2
 
Femoral Component: 
• Size: 2R 
• Catalog #: 6305-00
• Lot #: 1140844 
• Material: CoCr 
• Cruciate retaining 
 
Patellar Button: 
• Size: 10mm SZ 1 
• Lot #: 1147197 
• 3 peg 
• Measured 32mm diameter round
 
Implant Retrieval Notes: 
• PCL intact. Posterior drawer test: stable
• Inspection of Joint: Broken cement piece within capsule. Large piece of polyethylene in 
posterior aspect of joint, anterior to PCL.
• Inspection of Bone: Large osteolytic cyst in medial condyle (1cm diameter).
• All metal components cemented and well fixed with fi
• Patellar component: Central dimple. Lateral wear. Undersurface notched on lateral aspect 




A.  Implant Information for 253R 


















Appendix B. KneeSIM Coordinate System Set-up Procedure 
Insert: 
1. Make an axis through the center of the center hole. 
2. Create an axis along the edge of the straight indentation in the anterior of the insert. 
3. Place a point midway on the axis from ii above. 
4. Repeat for the inferior aspect of the same feature in ii and iii. 
5. Create a plane with the two points and the central axis. 
6. Create another plane using the plane from v as the reference and rotate it 90 degrees 
about the center axis. 
7. Create the final plane by selecting the bottom surface of the insert. 
8. Create the coordinate system by selecting the planes in the order of their creation. 
Femoral Component: 
1. Create assembly of tibial insert and femoral component as close to standing stance as 
possible. This required some planes being defined for the sole purpose of having 
something to reference. 
2. Create planes along axes of tibial coordinate frame by referencing points as close to in 
line as possible. 
3. Coordinate system can then be generated from places created in ii. 
Patella: 
1. Align model with lateral and superior-inferior markers appropriately placed. 
2. Create reference points at the top of the inferior leg of the Y indentation pattern. 
3. Create an axis between points in ii. 
4. Create a point in the middle of the axis from iii. 
5. Create a point at the top of the triangle formed at the center. 
6. Connect the points in iv and v with an axis. 
7. Create a point in the middle of the axis in vi. 
8. Repeat ii-vii for the bottom of the Y shaped cut. 
9. Create an axis through the two points in the center of the patella. 
10. Create a plane with the points that form the axes that are the height of the equilateral 
triangle. 
11. Create another plane on the plane from x and rotate it 90 degrees about the axis from ix. 
12. Create the final plane on the back surface of the patella. 






Appendix C. KneeSIM Kinematic Output 
 
The following data consists of kinematic and contact stress information gathered from 
KneeSIM for setting up the ANSYS finite element models properly for each phase of the gait 
cycle. Data for 30, 60, and 90% of the cycle were extracted from the graphs, and tabular output. 
Note that KneeSIM uses a left knee anatomic model, so the output images below are the mirrored 
version of the actual implant components. 




Tray Medial Coord = (21, 1.72, 0.46) 
Tray Lateral Coord = (-19.7, -14.7, 2.09) 
Femur Medial Coord = Approximate from video still 
Femur Lateral Coord = Approximate from video still 
Force Mag Lat = 725N 
Force Mag Med = 2020N 
Force Comp Lat = (-66N, 170N, 741N) 
Force Comp Med = (267N, 1.9N, 2030N) 




Tray Medial Coord = (22.5, -3.62, 1.13) 
Tray Lateral Coord = (-18.9, -15.9, 2.4) 
Femur Medial Coord = Approximate from video still 
Femur Lateral Coord = Approximate from video still 
Force Mag Lat = 452N 
Force Mag Med = 389N 
Force Comp Lat = (-64.8N, 183N, 473N) 
Force Comp Med = (33.5N, 93.2N, 371N) 




Tray Medial Coord = (21.4, 0, 0.5) 
Tray Lateral Coord = (-22.5, -13.3, 1.75) 
Femur Medial Coord = Approximate from video still 
Femur Lateral Coord = Approximate from video still 
Force Mag Lat = 737N 
Force Mag Med = 780N 
Force Comp Lat = (27.1N, 31.2N, 770N) 
Force Comp Med = (128N, -90.9N, 744N) 































Figure 37: Views showing center of pressure locations on the polyethylene insert. 
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Appendix D. ANSYS FEA Output 
 
The following information is the ANSYS solver output for the 30% of gait cycle model. 
This information is provided as a means for the reader to check solver settings and methods 
should it be so desired. Only this one run is provided as all of the runs were set up in an identical 
manner and duplicating information is not necessary. 
 
Solver Output 
***** ANSYS - ENGINEERING ANALYSIS SYSTEM RELEASE 11.0 ***** 
ANSYS Structural U 
00407040 VERSION=WINDOWS x64 13:46:18 FEB 03, 2011 CP= 0.609 
--- Number of total nodes = 543937 
--- Number of contact elements = 22841 
--- Number of spring elements = 0 
--- Number of solid elements = 355332 
--- Number of total elements = 378173 
*** SELECTION OF ELEMENT TECHNOLOGIES FOR APPLICABLE ELEMENTS *** 
--- GIVE SUGGESTIONS AND RESET THE KEY OPTIONS --- 
ELEMENT TYPE 1 IS SOLID187. IT IS NOT ASSOCIATED WITH FULLY INCOMPRESSIBLE 
HYPERELASTIC MATERIALS. NO SUGGESTION IS AVAILABLE AND NO RESETTING IS 
NEEDED. 
ELEMENT TYPE 2 IS SOLID187. IT IS NOT ASSOCIATED WITH FULLY INCOMPRESSIBLE 
HYPERELASTIC MATERIALS. NO SUGGESTION IS AVAILABLE AND NO RESETTING IS 
NEEDED. 
1 
***** ANSYS - ENGINEERING ANALYSIS SYSTEM RELEASE 11.0 ***** 
ANSYS Structural U 
00407040 VERSION=WINDOWS x64 13:46:31 FEB 03, 2011 CP= 13.719 
S O L U T I O N O P T I O N S 
PROBLEM DIMENSIONALITY. . . . . . . . . . . . .3-D 
DEGREES OF FREEDOM. . . . . . UX UY UZ 
ANALYSIS TYPE . . . . . . . . . . . . . . . . .STATIC (STEADY-STATE) 
EQUATION SOLVER OPTION. . . . . . . . . . . . .SPARSE 
NEWTON-RAPHSON OPTION . . . . . . . . . . . . .PROGRAM CHOSEN 
GLOBALLY ASSEMBLED MATRIX . . . . . . . . . . .SYMMETRIC 
L O A D S T E P O P T I O N S 
LOAD STEP NUMBER. . . . . . . . . . . . . . . . 1 
TIME AT END OF THE LOAD STEP. . . . . . . . . . 1.0000 
INITIAL NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF SUBSTEPS . . . . . . . . . 10 
MINIMUM NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF EQUILIBRIUM ITERATIONS. . . . 15 
STEP CHANGE BOUNDARY CONDITIONS . . . . . . . . NO 
TERMINATE ANALYSIS IF NOT CONVERGED . . . . . .YES (EXIT) 
CONVERGENCE CONTROLS. . . . . . . . . . . . . .USE DEFAULTS 
PRINT OUTPUT CONTROLS . . . . . . . . . . . . .NO PRINTOUT 
Deformable-deformable contact pair identified by real constant set 3 
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and contact element type 3 has been set up. 
Contact algorithm: Augmented Lagrange method 
Contact detection at: Gauss integration point 
Contact stiffness factor FKN 1.0000 
The resulting contact stiffness 7343.1 
Default penetration tolerance factor FTOLN 0.10000 
The resulting penetration tolerance 0.61194E-01 
Frictionless contact pair is defined 
Update contact stiffness at each iteration 
Average contact surface length 0.47584 
Average contact pair depth 0.61194 
Pinball region factor PINB 1.0000 
The resulting pinball region 0.61194 
Auto contact offset used to close gap 0.0000 
Initial penetration is excluded. 
******************* SOLVE FOR LS 2 **************** 
L O A D S T E P O P T I O N S 
LOAD STEP NUMBER. . . . . . . . . . . . . . . . 2 
TIME AT END OF THE LOAD STEP. . . . . . . . . . 2.0000 
AUTOMATIC TIME STEPPING . . . . . . . . . . . . ON 
INITIAL NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF SUBSTEPS . . . . . . . . . 10 
MINIMUM NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF EQUILIBRIUM ITERATIONS. . . . 15 
STEP CHANGE BOUNDARY CONDITIONS . . . . . . . . NO 
TERMINATE ANALYSIS IF NOT CONVERGED . . . . . .YES (EXIT) 
CONVERGENCE CONTROLS. . . . . . . . . . . . . .USE DEFAULTS 
PRINT OUTPUT CONTROLS . . . . . . . . . . . . .NO PRINTOUT 
FORCE CONVERGENCE VALUE = 0.6111 CRITERION= 0.9384 <<< CONVERGED 
>>> SOLUTION CONVERGED AFTER EQUILIBRIUM ITERATION 5 
******************* SOLVE FOR LS 3 **************** 
L O A D S T E P O P T I O N S 
LOAD STEP NUMBER. . . . . . . . . . . . . . . . 3 
TIME AT END OF THE LOAD STEP. . . . . . . . . . 3.0000 
AUTOMATIC TIME STEPPING . . . . . . . . . . . . ON 
INITIAL NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF SUBSTEPS . . . . . . . . . 10 
MINIMUM NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF EQUILIBRIUM ITERATIONS. . . . 15 
STEP CHANGE BOUNDARY CONDITIONS . . . . . . . . NO 
TERMINATE ANALYSIS IF NOT CONVERGED . . . . . .YES (EXIT) 
CONVERGENCE CONTROLS. . . . . . . . . . . . . .USE DEFAULTS 
PRINT OUTPUT CONTROLS . . . . . . . . . . . . .NO PRINTOUT 
FORCE CONVERGENCE VALUE = 0.5475 CRITERION= 1.439 <<< CONVERGED 
******************* SOLVE FOR LS 4 **************** 
L O A D S T E P O P T I O N S 
LOAD STEP NUMBER. . . . . . . . . . . . . . . . 4 
TIME AT END OF THE LOAD STEP. . . . . . . . . . 4.0000 
AUTOMATIC TIME STEPPING . . . . . . . . . . . . ON 
INITIAL NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF SUBSTEPS . . . . . . . . . 10 
MINIMUM NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF EQUILIBRIUM ITERATIONS. . . . 15 
STEP CHANGE BOUNDARY CONDITIONS . . . . . . . . NO 
TERMINATE ANALYSIS IF NOT CONVERGED . . . . . .YES (EXIT) 
CONVERGENCE CONTROLS. . . . . . . . . . . . . .USE DEFAULTS 
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PRINT OUTPUT CONTROLS . . . . . . . . . . . . .NO PRINTOUT 
FORCE CONVERGENCE VALUE = 1.033 CRITERION= 1.881 <<< CONVERGED 
>>> SOLUTION CONVERGED AFTER EQUILIBRIUM ITERATION 5 
******************* SOLVE FOR LS 5 **************** 
L O A D S T E P O P T I O N S 
LOAD STEP NUMBER. . . . . . . . . . . . . . . . 5 
TIME AT END OF THE LOAD STEP. . . . . . . . . . 5.0000 
AUTOMATIC TIME STEPPING . . . . . . . . . . . . ON 
INITIAL NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF SUBSTEPS . . . . . . . . . 10 
MINIMUM NUMBER OF SUBSTEPS . . . . . . . . . 1 
MAXIMUM NUMBER OF EQUILIBRIUM ITERATIONS. . . . 15 
STEP CHANGE BOUNDARY CONDITIONS . . . . . . . . NO 
TERMINATE ANALYSIS IF NOT CONVERGED . . . . . .YES (EXIT) 
CONVERGENCE CONTROLS. . . . . . . . . . . . . .USE DEFAULTS 
FORCE CONVERGENCE VALUE = 0.5852 CRITERION= 2.351 <<< CONVERGED 
>>> SOLUTION CONVERGED AFTER EQUILIBRIUM ITERATION 5 
*---------------------------------------------------------------------------* 
| | 
| ANSYS RUN COMPLETED | 
 
 
 
